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Abstract 

Atomic  layer  deposition  (ALD)  was  used  to  deposit  an  alternative  dielectric  barrier  layer  for  use  in  radio  frequency  microelectromechanical 
systems  (rf  MEMS).  The  layer  is  an  alloy  mixture  of  A1203  and  ZnO  and  is  proposed  for  use  as  charge  dissipative  layers  in  which  the  dielectric 
constant  is  significant  enough  to  provide  a  large  down-state  capacitance  while  the  resistivity  is  sufficiently  low  to  promote  the  dissipation  of  trapped 
charges.  This  paper  investigates  Al203/Zn0  ALD  alloys  deposited  at  100  and  177  °C  and  compares  their  material  properties.  Auger  electron 
spectroscopy  was  used  to  determine  the  Zn  concentrations  in  the  alloy  films,  which  was  lower  than  expected.  Atomic  force  microscopy  images 
revealed  an  average  surface  roughness  of  0.27  nm  that  was  independent  of  deposition  temperature  and  film  composition.  The  dielectric  constants  of 
the  Al203/Zn0  ALD  alloys  films  were  calculated  to  be  similar  to  pure  A1203  ALD,  being  ~7.  Indentation  was  used  to  ascertain  the  modulus  and 
hardness  of  the  ALD  films.  Both  the  modulus  and  hardness  were  found  to  increase  for  the  greater  deposition  temperature.  ALD-coated  rf  MEMS 
switches  showed  a  low  insertion  loss,  ~0.35  dB,  and  a  high  isolation,  55  dB  at  14  GHz.  Mechanical  actuation  of  the  ALD-coated  devices  showed 
lifetimes  of  over  1  billion  cycles. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  reliability  of  capacitive  switches  continues  to  be  limited 
by  dielectric  charging.  Dielectric  charging  occurs  when  electric 
charge  tunnels  into  a  dielectric  material  and  becomes  trapped  [  1  ] . 
As  a  result,  the  applied  potential  is  screened  and  device  oper¬ 
ation  degrades.  Eventually,  the  trapped  charge  becomes  large 
enough  that  either  the  switch  will  remain  in  the  down- state  posi¬ 
tion  when  the  actuation  voltage  is  removed  (i.e.  electrostatic 
stiction),  or  the  beam  will  not  actuate  when  a  voltage  is  applied. 
Choosing  a  proper  dielectric  material  can  minimize  the  dielec¬ 
tric  charging  problem  and  is  critical  for  successful  rf  device 
operation. 
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The  two  most  common  dielectric  materials  used  in  rf  MEMS 
are  plasma-enhanced  chemical  vapor  deposited  (PECVD)  sil¬ 
icon  dioxide  and  PECVD  silicon  nitride  [2].  Silicon  dioxide 
has  a  lower  trap  density  than  silicon  nitride,  which  implies  that 
devices  made  with  silicon  dioxide  dielectric  layers  should  be 
less  prone  to  charge  trapping,  i.e.  longer  lifetime.  PECVD  sili¬ 
con  dioxide,  however,  has  a  lower  dielectric  constant,  4. 1-4.2, 
when  compared  to  PECVD  silicon  nitride,  6-9,  which  leads  to  a 
decrease  in  the  down-state  capacitance  [3,4].  An  ideal  dielectric 
layer  would  possess  both  a  high  dielectric  constant  and  a  low 
trap  density. 

This  paper  demonstrates  an  alternative  dielectric  layer  for  rf 
MEMS  capacitive  switches  made  using  atomic  layer  deposited 
Al203/Zn0  alloys.  Elam  et  al.  showed  that  Al203/Zn0  ALD 
alloy  films  exhibit  a  tunable  range  of  physical  properties  that 
is  achieved  by  changing  the  concentration  of  ZnO  in  the 
film.  Specifically,  the  resistivity  of  these  alloy  films  can  range 
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from  10-2  £2  cm,  for  pure  ZnO  ALD,  to  1016  £2  cm,  for  pure 
AI2O3  ALD  [5].  Based  on  these  results,  it  is  proposed  that  the 
Al203/Zn0  ALD  alloy  films  can  be  engineered  to  have  a  resis¬ 
tivity  low  enough  to  promote  the  dissipation  of  trapped  charges 
while  maintaining  a  high  enough  dielectric  constant  to  maximize 
the  down- state  capacitance. 

Due  to  the  sensitive  nature  of  rf  MEMS  switches,  low  pro¬ 
cessing  temperatures  are  necessary  to  prevent  deformation  of 
the  devices.  The  rf  MEMS  devices  used  in  this  study  are  pri¬ 
marily  gold  and  are  fabricated  on  sapphire  substrates.  Due  to 
the  mismatch  in  the  coefficients  of  thermal  expansion  between 
the  sapphire  substrate  and  the  gold  switch,  the  curvature  of  the 
bridge  is  highly  dependent  on  the  maximum  processing  tem¬ 
perature.  Furthermore,  gold,  and  other  thin  film  metals,  may 
be  subject  to  the  mechanisms  of  self-diffusion,  grain  growth,  or 
interdiffusion  at  elevated  temperature,  which  can  result  in  signif¬ 
icant  and  lasting  change  in  internal  stress  [6] .  Coating  the  curved 
bridge  at  elevated  temperatures  may  lock  in  some  of  the  curva¬ 
ture  and  cause  difficulty  with  actuating  the  switch,  i.e.  changing 
its  characteristic  actuation  profile,  for  monolithic  or  even  more 
complicated  structures.  To  minimize  temperature  driven  effects, 
a  deposition  temperature  of  100  °C  is  utilized  for  the  ALD  coat¬ 
ing  of  gold  rf  MEMS  devices. 


2.  Experimental 

2. 1 .  Switch  fabrication 

Capacitive  rf  MEMS  shunt  switches  were  designed  and  fab¬ 
ricated  at  the  Air  Force  Research  Laboratory  (AFRL)  at  Wright 
Patterson  Air  Force  Base.  Fig.  1  shows  a  schematic  diagram  of 
the  switch  fabrication  process.  The  switches  were  fabricated 
on  an  r-plane  sapphire  (0112)  substrate.  The  bottom  elec¬ 
trode  consisted  of  0.02  p,m  thick  adhesive  layer  of  titanium 
(Ti),  and  a  0.3  p,m  thick  layer  of  gold  (Au)  and  was  evaporated 
and  patterned  through  standard  lift-off  processing  (Fig.  1(a)).  A 
3.0  p,m  thick  polymethylglutarimide  (PMGI)  photoresist  sacri¬ 
ficial  layer  was  used  to  define  the  switch  gap.  The  PMGI  was 
patterned  and  reflowed  to  provide  step  coverage  (Fig.  1(b)).  The 
top  bridge  electrode  was  then  evaporated  after  patterning  using 
standard  lift-off  processing.  The  bridge  electrode  was  either  a 
solid  Au  layer  or  a  multilayer  of  Au,  Ti  and  Au  both  with  nom¬ 
inal  thickness  of  0.7  p,m  (Fig.  1(c)).  After  the  deposition  of  the 
bridge  metal,  the  sacrificial  photoresist  was  removed  using  a  wet 
release  process  consisting  of  immersion  in  photoresist  stripper, 
followed  by  isopropyl  alcohol  and  then  methanol.  Following 
release,  the  switches  were  dried  using  a  CO2  critical  point  dryer 
to  prevent  surface  tension  driven  stiction  (Fig.  1(d)).  An  optical 
image  of  a  completed  device  is  shown  in  Fig.  2.  The  0.1  p,m 
thick  dielectric  layer  was  subsequently  deposited  on  the  com¬ 
pleted  devices  using  atomic  layer  deposition  (Fig.  1(e)). 

2.2.  Atomic  layer  deposition  (ALD) 

The  dielectric  material  for  the  capacitive  switches  was 
deposited  following  the  completion  of  switch  fabrication  and 


Fig.  1.  A  schematic  drawing  of  the  rf  MEMS  switch  fabrication  process.  The 
left  side  shows  a  cross-sectional  view  of  the  process  and  the  right  side  shows  a 
top  view. 


Fig.  2.  An  optical  image  (top  view)  of  a  completed  rf  MEMS  capacitive  switch. 
The  center  span  area  is  approximately  450  pum  x  80  pi  in. 
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release  using  an  atomic  layer  deposition  (ALD)  technique. 
ALD  is  a  vapor-phase,  deposition  technique  that  is  based  on 
a  sequence  of  two  self-limiting  reactions  between  vapor-phase 
precursor  molecules  and  a  solid  surface  [7] .  The  ALD  process 
does  not  require  line-of- sight  for  deposition  and  high  surface 
area-to-volume  ratio  structures  can  therefore  be  conformally 
coated.  This  means  that  both  the  bottom  of  the  bridge  and  the 
underlying  substrate  are  coated  with  the  dielectric  material,  as  is 
typical  of  this  deposition  process.  More  commonly,  the  dielectric 
layer  in  MEMS  switches  is  located  in  one  layer  on  the  substrate, 
since  it  is  deposited  in  blanket  format. 

The  devices  were  placed  in  the  ALD  viscous  flow  reactor 
and  were  coated  at  either  100  or  177  °C  with  pure  AI2O3  or 
Al203/Zn0  alloys  [8].  For  AI2O3  ALD,  deposition  involves 
sequential  exposures  of  trimethylaluminum  (A1(CH3)3,  TMA) 
and  water  (H2O)  and  the  chemistry  occurs  via  the  following 
reactions  where  the  asterisk  represents  surface  species  [9,10]. 

AlOH*  +A1(CH3)3  ->  A10A1(CH3)3*  +  CH4  (1A) 

AICH3*  +  H20  ->  AlOH*  +  CH4  (IB) 

During  deposition,  the  surface  is  first  exposed  to  TMA  as  in 
reaction  (1A).  The  reactants  and  products  are  then  purged  from 
the  system  using  ultrahigh  purity  nitrogen.  Next,  the  surface 
is  exposed  to  water  vapor  as  shown  in  reaction  (IB)  and,  again, 
the  reactant  and  products  are  disposed  using  nitrogen.  This  com¬ 
pletes  one  ALD  cycle.  At  this  point,  the  surface  is  ready  for  the 
next  cycle  beginning  with  another  TMA  exposure.  The  growth 
rate  for  AI2O3  ALD  at  100°  C  is  1.1  A/cycle  and  the  time  for 
one  complete  ALD  cycle  is  28  s.  At  a  deposition  temperature  of 
177  °C,  the  growth  rate  is  1.2  A/cycle  and  one  cycle  takes  12  s 
[11].  Longer  exposure  and  purge  times  are  used  at  100  °C  to 
ensure  completion  of  the  growth  and  purging  processes,  respec¬ 
tively,  preventing  accidental  CVD.  AI2O3  films  grown  by  ALD 
techniques  are  insulating,  amorphous,  and  smooth.  The  AI2O3 
ALD  surface  chemistry  is  very  amenable  to  growth  on  a  variety 
of  substrates  including  oxides,  nitrides,  metals,  semiconductors 
and  polymers.  This  allows  for  devices  and  substrates  of  almost 
any  material  to  be  conformally  coated  with  AI2O3  ALD  films. 

ZnO  ALD  films  are  deposited  using  alternating  exposures 
of  diethylzinc  (Zn(CH2CH3)2,  DEZ)  and  water.  The  reaction 
sequence  for  ZnO  ALD  is  as  follows  [12]: 

ZnOH*  +  Zn(CH2CH3)2*  -*  ZnOZn(CH2CH3)*  +  CH3CH3 

(2A) 

Zn(CH2CH3)*  +  H20  ->  ZnOH*  +  CH3CH3  (2B) 

where  the  asterisks  signify  surface  species.  At  a  deposition 
temperature  of  100  °C,  the  growth  rate  for  pure  ZnO  ALD, 
determined  using  an  in  situ  quartz  crystal  microbalance,  is 
1 .9  A/cycle.  A  typical  ALD  cycle  including  precursor  exposures 
and  nitrogen  purges  takes  28  s.  ZnO  ALD  films  grown  at  177  °C 
require  12  s/cycle  and  the  growth  rate  is  2.0  A/cycle.  These  films 
are  conductive,  crystalline,  and  rough. 

To  create  the  Al203/Zn0  ALD  alloys,  a  percentage  of  the 
TMA  exposures  were  replaced  by  exposures  of  DEZ  [13]. 


The  exposure  sequence  for  pure  AI2O3  ALD  involves  alter¬ 
nating  between  TMA  and  water  exposures  as  discussed  above. 
An  Al203/Zn0  ALD  alloy  with  33%  DEZ  exposures,  for 
example,  can  be  deposited  by  substituting  every  third  TMA 
exposure  with  an  exposure  of  DEZ.  The  alloy  is  made  as 
homogeneous  as  possible  by  evenly  distributing  the  DEZ 
exposures. 

Al203/Zn0  ALD  alloys  containing  0,  33,  50,  and  67%  DEZ 
exposures  were  deposited  on  the  AFRL  rf  MEMS  switches.  The 
deposition  temperature  of  100° C  was  chosen  to  minimize  any 
thermally  induced  device  deformation.  The  devices  were  coated 
at  100  °C  with  870  cycles  of  ALD.  For  pure  AI2O3  ALD  at 
100  °C,  870  cycles  corresponds  to  an  approximate  thickness  of 
100  nm.  The  thickness  of  the  alloy  films  may  be  slightly  lower 
due  to  incomplete  initial  nucleation  of  ZnO  on  AI2O3  and  vice 
versa  [13].  The  conformal  100  nm  ALD  coating  resulted  in  an 
effective  dielectric  thickness  of  200  nm  because  both  the  under¬ 
side  of  the  bridge  as  well  as  the  underlying  substrate  electrode 
were  coated.  For  the  investigation  of  ALD  film  material  proper¬ 
ties,  alloys  containing  0,  33,  50,  67  and  100%  DEZ  exposures 
were  grown  on  HF-etched  Si(l  00)  wafers.  Deposition  temper¬ 
atures  of  100  and  177  °C  were  used  in  this  study  to  compare 
the  effect  of  temperature  on  the  film  properties.  The  film  thick¬ 
nesses  for  all  of  the  samples  were  obtained  using  a  mechanical 
profilometer. 

3.  Results  and  discussion 

3.1.  ALD  film  composition 

Auger  electron  spectroscopy  (AES)  is  a  thin  film  chemical 
analysis  technique  that  is  based  on  the  Auger  radiationless  pro¬ 
cess.  The  AES  system  consists  of  an  ultrahigh  vacuum  chamber, 
an  electron  gun  for  specimen  excitation,  and  an  energy  analyzer 
for  the  detection  of  the  Auger  electrons.  The  chemical  compo¬ 
sition  of  the  Al203/Zn0  ALD  alloy  films  was  determined  using 
AES.  ALD  films  containing  0,  50,  67,  and  100%  DEZ  exposures 
were  grown  on  Si(l  0  0)  substrates  at  100  °C.  The  average  ALD 
film  thickness  was  ~25  nm.  AES  is  a  surface  sensitive  technique, 
therefore,  only  the  first  few  nm  of  the  film  are  analyzed.  The  sam¬ 
ples  were  transferred  to  the  vacuum  chamber  immediately  after 
ALD  film  growth  to  minimize  surface  contamination. 

Fig.  3(a)  shows  the  AES  for  pure  AI2O3  ALD  and  pure  ZnO 
ALD  films.  The  key  peak  for  the  pure  AI2O3  ALD  film  occurs 
at  1391  eV,  which  corresponds  to  the  KLL  Auger  transition  for 
aluminum.  The  zinc  LMM  Auger  transition  can  be  seen  at  an 
electron  energy  of  992  eV  in  the  ZnO  ALD  spectrum.  The  AI2O3 
ALD  and  ZnO  ALD  Auger  spectra  also  possess  a  predominant 
peak  at  an  electron  energy  of  ~500  eV,  which  matches  the  KLL 
Auger  transition  for  oxygen. 

The  AES  for  the  Al203/Zn0  alloy  films  exhibit  two  main 
peaks  in  the  700-1500  eV  energy  range,  as  shown  in  Fig.  3(b). 
These  peaks  correspond  to  the  Auger  transitions  for  aluminum 
and  zinc  as  discussed  above.  This  indicates  that  the  alloys  are 
mixtures  of  both  AI2O3  and  ZnO.  The  peak  intensities  vary  based 
on  the  atomic  concentration  of  the  elements  in  the  film.  While 
both  films  appear  to  contain  a  larger  concentration  of  aluminum 
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than  zinc,  the  film  with  67%  DEZ  exposures  clearly  shows  more 
zinc  than  the  film  with  50%  DEZ  exposures. 

The  atomic  concentration  of  zinc,  Czn,  can  be  estimated  from 
the  Auger  spectra  using  Eq.  (3)  [14]: 


Czn  = 


7zn/  Sz  n 

7zn/ Szn  +  /Al/ *Sa1 


(3) 


where  Ix  is  the  Auger  peak  intensity  for  element  X  and  Sx  is 
the  sensitivity  factor  for  element  X  [14].  From  the  spectra  in 
Fig.  3(b),  the  concentration  of  zinc  was  determined  to  be  approx¬ 
imately  11%  for  the  alloy  containing  50%  DEZ  exposures  and 
20%  for  the  alloy  containing  67%  DEZ  exposures. 

These  percentages  are  remarkably  lower  than  expected  using 
the  rule  of  mixtures.  One  explanation  stems  from  the  oxidation 
affinities  of  aluminum  and  zinc.  As  AES  is  a  surface  sensi¬ 
tive  technique,  only  the  first  few  nm  are  being  sampled.  In  this 
region,  Al  may  have  a  tendency  to  accumulate  because  it  has 
a  reduction  potential  of  —1.662  V,  which  is  more  negative  than 
the  —0.7618  V  reduction  potential  of  Zn  [15].  This  signifies  that 
aluminum  is  more  likely  to  give  up  electrons  to  oxygen  than 
zinc.  When  the  sample  is  exposed  to  the  atmosphere,  the  surface 
becomes  oxygen-rich  and  the  aluminum  will  migrate  towards 
the  surface.  Lower  than  expected  Zn  film  content  was  also  doc¬ 
umented  for  ALD  alloy  films  grown  at  177°C  [13].  Elam  et 
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Fig.  3.  Auger  electron  spectra  for  pure  AI2O3  ALD  and  pure  ZnO  ALD  films 
are  shown  in  (a).  Auger  electron  spectra  for  AI2O3  ALD  films  containing  0,  50, 
and  67%  DEZ  exposures  are  shown  in  (b). 


al.  proposed  that  the  Zn  deficiency  may  result  from  the  etching 
of  Zn  by  the  TMA  precursor  [13].  The  Zn  concentrations  for 
177  °C  ALD  films  reported  by  Elam  et  al.  are  higher  than  the 
AES  results  presented  here  for  the  100  °C  ALD  films.  It  is  possi¬ 
ble  that  the  concentration  of  Zn  in  the  films  deposited  at  100  °C 
is  lower  than  the  concentration  of  Zn  in  the  films  deposited  at 
177  °C. 


3.2.  ALD  film  properties 

The  topography  was  observed  with  a  Dimension  5000  scan¬ 
ning  probe  microscope  (Digital  Instruments,  Santa  Barbara, 
CA).  The  atomic  force  microscope  (AFM)  images  were  obtained 
in  tapping-mode  using  a  rectangular  Si  cantilever  (Si3N4  coated) 
with  a  nominal  spring  constant  and  resonant  frequency  of  40  N/m 
and  325  kHz,  respectively.  The  surfaces  were  measured  using 
1  [Jim  x  1  [xm  scans  with  512  pixels  in  each  direction  (i.e.  ~2  nm 
lateral  resolution)  and  post-processed  with  plane-fit  and  flatten 
routines.  The  z-scale  for  the  height  images  shown  in  Fig.  4  is 
5  nm.  AI2O3  ALD  films  containing  0,  33,  50,  and  67%  DEZ 
exposures  were  deposited  on  heavily  doped  n-type  Si(100) 
wafers.  For  each  sample,  600  ALD  cycles  were  grown  at  both 
100  and  177  °C,  corresponding  to  a  thickness  range  of  59-68, 
and  69-76  nm,  respectively. 

The  values  for  the  RMS  roughness  of  the  films  are  summa¬ 
rized  in  Table  1  and  AFM  images  of  the  ALD  alloys  with  0 
and  67%  DEZ  exposures  are  shown  in  Fig.  4.  From  Table  1, 
the  deposition  temperature  does  not  have  a  significant  effect 
on  surface  roughness.  The  roughness  values  obtained  in  this 
study  agree  well  with  the  results  of  Elam  et  al.  [5].  Furthermore, 
the  Zn0/Al203  ALD  alloys  appear  to  have  roughness  values 
similar  to  the  pure  AI2O3  ALD  films.  The  ZnO  component  of 
Zn0/Al203  ALD  alloys  has  been  seen  to  lose  its  crystalline 
nature,  becoming  amorphous  when  Zn  content  decreases  below 
81%  [5].  Therefore,  the  rougher  surface  texture  associated  with 
ZnO  crystals  is  not  expected  for  the  Zn0/Al203  ALD  alloy  films 
used  here. 

Dielectric  constants  of  the  ALD  films  were  calculated  from 
current  versus  voltage  measurements  taken  using  a  mercury 
probe.  A  detailed  description  of  the  mercury  probe  instrument 
and  procedures  can  be  found  in  Ref.  [16].  Six  hundred  ALD 
cycles  of  AI2O3  ALD  films  containing  0,  33,  50,  and  67% 
DEZ  exposures  were  grown  at  both  100  and  177  °C.  The  cor¬ 
responding  thickness  ranges  are  59-68,  and  69-76  nm  for  100 
and  177  °C  films,  respectively. 


Table  1 

RMS  roughness  of  ALD  alloy  films  deposited  on  Si(l  0  0)  substrates 


RMS  roughness  (nm) 

100°C  deposition 
temperature 

177  °C  deposition 
temperature 

0%  DEZ 

0.31  ±  0.04 

0.31  ±  0.03 

33%  DEZ 

0.27  ±  0.04 

0.25  ±  0.01 

50%  DEZ 

0.28  ±  0.03 

0.25  ±  0.03 

67%  DEZ 

0.26  ±  0.03 

0.26  ±  0.05 
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Fig.  4.  Atomic  force  microscopy  (AFM)  images  showing  the  surface  roughness  of  A^Os/ZnO  ALD  alloys  with  0  and  67%  DEZ  exposures  deposited  at  100  and 
177  °C. 


Eq.  (4)  was  used  to  calculate  the  dielectric  constants  of  the 
ALD  films  from  the  capacitance  versus  voltage  measurements 
[16]: 


where  C  is  the  capacitance  (F),  d  the  thickness  of  the  film  mea¬ 
sured  using  a  stylus  profilometer  (m),  £o  the  permittivity  of  free 
space  (8.8419  x  10-12  F  m_1),  and  A  is  the  area  of  the  Hg  col¬ 
umn,  0.437  mm2.  Table  2  summarizes  the  dielectric  constants  for 
the  Al203/Zn0  ALD  alloy  films  deposited  at  100  and  177  °C  in 
addition  to  the  corresponding  resistivities  from  Elam  et  al.  [5]. 
The  calculated  dielectric  constant  for  pure  AI2O3  ALD  films 
deposited  at  100  °C  was  found  to  be  6.8  which  is  comparable  to 
the  dielectric  constant  of  AI2O3  ALD  films  deposited  at  177  °C 
[16].  The  Al203/Zn0  ALD  alloy  films  possessed  dielectric  con¬ 
stants  similar  to  the  pure  AI2O3  ALD  films.  There  is  a  slight 
decrease  in  dielectric  constant  with  increasing  DEZ  exposures. 
However,  this  should  not  be  significant  enough  to  prevent  the 
alloy  films  from  performing  as  effective  dielectric  layers  for  rf 
MEMS  switches.  As  with  the  pure  AI2O3  ALD  films,  the  dielec¬ 


tric  constants  of  the  alloy  ALD  films  did  not  vary  significantly 
with  deposition  temperature. 

The  Young’s  modulus  and  hardness  of  the  ALD  films  were 
investigated  using  instrumented  indentation.  For  this  study,  ALD 
films  containing  0,  50  and  100%  DEZ  exposures  were  grown  on 
HF-etched  Si(100)  wafers  at  both  100  and  177  °C.  The  film 
thickness  for  all  of  the  specimens  was  approximately  300  nm. 
Films  grown  at  a  deposition  temperature  of  100  °C  were  tested 
using  a  NanoXP  indentor  (MTS  Systems  Corporation,  Min¬ 
neapolis,  MN),  while  the  films  grown  at  177  °C  were  tested  using 
aNanoDCM  indentor  (MTS  Systems  Corporation,  Minneapolis, 
MN).  The  instruments  are  capable  of  sub-nanometer  displace¬ 
ment  resolution  and  sub-microNewton  force  resolution.  Material 
properties  were  evaluated  according  to  the  Oliver-Pharr  method 
[17],  which  was  used  in  conjunction  with  the  continuous  stiff¬ 
ness  method  (CSM)  [18]  to  characterize  specimens  throughout 
their  thickness.  The  Oliver-Pharr  method  considers  the  stiff¬ 
ness  of  the  specimen  and  instrument  during  unloading  in  order 
to  calculate  material  properties,  i.e.  modulus  and  hardness.  The 
CSM  is  utilized  to  superimpose  a  sinusoidal  signal  during  the 
indentation  loading  profile  so  that  the  material  properties  can 


Table  2 

Dielectric  constants  and  resistivities  for  ALOs/ZnO  ALD  films 


%  DEZ  exposures 

Dielectric  constant  with  100  °C  deposition  temperature 
Dielectric  constant  with  177  °C  deposition  temperature 
Resistivity  (£2  cm)  [5] 


0  33  50  67 

6.8  ±0.5  7.2  ±0.2  6.6  ±0.3  5.8  ±0.3 

6.8  ±0.7  [16]  6.3  ±0.3  6.4  ±0.3  6.0  ±0.3 
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be  evaluated  at  many  discrete  instances,  i.e.  unloading  events. 
Based  on  knowledge  of  the  methods  as  well  as  the  standard  devi¬ 
ation  of  the  data  sets,  the  nanoindentation  technique  is  accurate 
to  within  about  5-10%  of  the  measured  values,  being  best  when 
the  results  of  multiple  indentations  are  averaged. 

Immediately  prior  to  indentation,  the  instruments  were  cali¬ 
brated  using  fused  silica,  with  the  area  coefficients  for  the  tip 
determined  according  to  the  suggestion  by  Oliver  and  Pharr 
[17].  The  modulus  and  corrected  hardness  for  the  fused  silica 
sample  were  determined  to  be  73.6  zb  0.8  and  10.5  ±0.2  GPa, 
respectively.  For  the  measurements,  the  sink-in  parameter,  £, 
was  assumed  to  be  0.75  and  the  geometry  factor,  was  assumed 
to  be  1.05,  based  on  recent  investigations  [19].  A  series  of  >20 
indents  was  made  up  to  the  depth  of  100  nm  at  the  constant  (load¬ 
ing)  strain  rate  of  0.05  s-1.  To  ensure  isolation  between  tests, 
spacing  between  indents  was  at  least  100  jxm.  The  test  proce¬ 
dure  subjected  the  samples  to  loading  at  constant  strain  rate,  a 
hold  at  the  maximum  load  for  30  s  to  stabilize  the  material,  then 
unloading  at  constant  strain  rate,  and  finally  a  hold  at  10%  of 
the  maximum  load  for  30  s  to  obtain  thermal  drift  correction. 
As  proposed  by  Pharr  and  Oliver  [20],  the  contact  depth  should 
be  approximately  10%  of  the  film  thickness  in  order  to  avoid 
the  effect  of  substrate  compliance.  The  results  of  the  load  versus 
displacement  curves,  therefore,  are  typically  interpreted  at  the 
depth  of  30  nm  (Fig.  5).  Because  the  values  obtained  are  rela¬ 
tively  stable,  the  results  in  this  study  were  interpreted  (averaged) 
for  contact  depth  in  the  range  of  30-50  nm  (Table  3).  The  initial 


Fig.  5.  Indentation  data  for  the  various  ALD  films,  deposited  at  100  °C  (a)  and 
177  °C  (b).  Results  are  typically  evaluated  at  10%  of  the  film  thickness,  i.e. 
30  nm  into  the  specimens  shown. 


Table  3 

Nanoindentation  results  for  ALD  films  deposited  at  100  and  177  °C 


100  °C  deposition 
temperature 

177  °C  deposition 
temperature 

Modulus 

(GPa) 

Hardness 

(GPa) 

Modulus 

(GPa) 

Hardness 

(GPa) 

Pure  AI2O3 

150  ±  2 

8.1  ±  0.3 

180  ±  8 

12  ±  1 

50%  DEZ 

exposures 

147  ±  4 

8.0  ±  0.3 

168  ±  6 

11  ±  1 

Pure  ZnO 

134  ±  28 

6  ±  2 

143  ±  14 

9  ±  2 

depth  measurements  for  the  material  properties  of  the  films  less 
than  30  nm  into  the  specimens  were  discarded  on  the  basis  of  oxi¬ 
dation  and  contamination  on  the  surface  as  well  as  incomplete  tip 
engagement. 

Table  3  lists  the  Young’s  modulus  and  the  corrected 
(Berko vitch)  hardness  of  the  ALD  films  deposited  at  100  and 
177  °C  as  determined  from  the  nanoindentation  measurements. 
The  modulus  and  hardness  values  were  the  greatest  for  the  AI2O3 
ALD,  and  least  for  the  ZnO  ALD.  For  both  deposition  tem¬ 
peratures,  the  values  for  the  Al203/Zn0  ALD  alloy  films  were 
intermediate  to  the  two  pure  films.  Example  indentation  data  for 
the  modulus  is  shown  in  Fig.  5.  Data  is  provided  for  the  materi¬ 
als  deposited  at  100  °C  (Fig.  5(a))  and  177  °C  (Fig.  5(b)).  As  in 
Table  3,  modulus  data  for  the  Al203/Zn0  ALD  alloy  films  lie 
intermediate  to  the  other  pure  films.  Note  that,  for  all  specimens 
except  the  pure  ZnO  ALD,  the  modulus  remains  relatively  con¬ 
stant  at  depths  deeper  than  30  nm,  allowing  for  the  averaging 
of  data  at  somewhat  deeper  depths  (30-50  nm).  The  ZnO  ALD 
films  behave  in  an  asymptotic  manner  and  their  convergence  is 
more  gradual  than  the  other  films.  This  might  be  explained  by 
their  crystalline  nature,  as  defect  activity  [21]  and  phase  trans¬ 
formation  [22]  have  been  observed  in  other  crystalline  ceramic 
materials.  Also  stress  may  exist  in  a  complex  state  at  grain 
boundaries.  The  consistent  data  at  relatively  deep  depths  may 
suggest  that  the  modulus  of  all  three  film  compositions  is  rela¬ 
tively  well  matched  to  that  of  the  Si  substrate. 

For  the  deposition  temperature  of  177  °C,  the  AI2O3  ALD 
was  found  to  have  a  Young’s  modulus  of  180  ±8  GPa  and  a 
hardness  of  12  d=  1  GPa.  These  values  are  in  agreement  with 
a  previous  nanoindentation  study  of  AI2O3  ALD  deposited 
at  177  °C  [23].  However,  the  measured  modulus  is  notably 
less  than  that  of  bulk  amorphous  alumina,  i.e.  372  GPa  [24]. 
The  decreased  modulus  may  result  from  the  decreased  den¬ 
sity  of  AI2O3  ALD.  Crystalline  alumina  (a-,  (3-,  or  7-alumina) 
has  a  density  of  3.3-4.0g/cm3  [25],  whereas  AI2O3  ALD 
deposited  at  177  °C  has  a  density  of  ~3.0g/cm3  [11].  Differ¬ 
ence  in  density  might  be  explained  by  the  amorphous  nature 
of  AI2O3  ALD,  which  is  inherently  more  porous.  It  is  clear 
from  Table  3  and  Fig.  5  that  the  modulus  and  the  hardness  of 
the  AI2O3  ALD  increase  with  increasing  deposition  tempera¬ 
ture.  Again,  these  changes  are  likely  related  to  the  change  in 
density  (the  growth  rate  is  optimized  for  silicon  at  177  °C  [8]). 
At  100  °C  the  density  of  pure  AI2O3  ALD  is  ~2.7  g/cm3  [1 1]. 
The  density  rises  to  ~3.0g/cm3  when  the  film  is  deposited  at 
177  °C. 
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The  results  for  the  ZnO  ALD  film  deposited  at  111  °C  give  a 
Young’s  modulus  of  143  zb  14  GPa  and  a  hardness  of  9  ±  2  GPa. 
With  a  100  °C  deposition  temperature,  the  ZnO  ALD  was  found 
to  have  a  Young’s  modulus  of  134  ±28  GPa  and  a  hardness 
of  6  ±  2  GPa.  These  values  are  consistent  with  previous  results 
for  the  modulus  of  ZnO  films  [26].  There  is  a  large  amount 
of  uncertainty  in  the  ZnO  ALD  measurements  that  stems  from 
the  poly  crystalline  nature  of  the  film,  i.e.  preferred  anisotropic 
texture  [27].  Because  of  this  large  uncertainty,  no  relationship 
between  deposition  temperature  and  material  properties  can  be 
drawn.  The  nanoindentation  results  for  the  ALD  alloy  with  50% 
DEZ  exposures  are  similar  to  that  of  pure  AI2O3  ALD.  In  this 
case,  the  modulus  was  determined  to  be  147  ±  4  GPa  at  a  depo¬ 
sition  temperature  of  100  °C  and  168  ±6  GPa  at  a  deposition 
temperature  of  177  °C.  These  values  are  slightly  lower  than  the 
values  measured  for  the  pure  AI2O3  ALD  films  due  to  the  pres¬ 
ence  of  ZnO  in  the  film.  The  hardness  values,  ~8  and  ~1 1  GPa 
for  100  and  177  °C,  respectively,  are  nearly  equivalent  to  the 
pure  AI2O3  ALD  results. 

At  this  point,  the  ideal  modulus  values  for  AI2O3  and  ZnO  are 
considered.  A  material’s  expected  modulus  can  be  determined 
based  on  the  theory  of  poly  crystalline  aggregate  [28] ,  which  con¬ 
siders  the  average  of  the  isostrain  (Voight)  and  isostress  (Reuss) 
conditions.  Based  on  the  anisotropic  stiffness  coefficients  for 
trigonal  a-Al203  (corundum)  and  hexagonal  ZnO  [29],  the  esti¬ 
mates  of  402.7  GPa  and  0.23  as  well  as  125.4  GPa  and  0.36  were 
determined  for  the  elastic  modulus  and  Poisson’s  ratio  of  AI2O3 
and  ZnO,  respectively.  It  is  evident  that  the  expected  modulus 
value  for  AI2O3  is  considerably  greater  than  that  measured  using 
indentation.  This  is  not  surprising,  since  the  predicted  value  is 
appropriate  for  polycrystalline  and  not  amorphous  material,  i.e. 
lesser  packing  density.  On  the  other  hand,  the  expected  modu¬ 
lus  value  for  ZnO  is  less  than  that  measured  using  indentation. 
This  might  be  explained  if  a  preferred  crystallographic  texture 
existed  for  the  ZnO  films.  For  example,  the  (100)  orientation 
is  favored  for  ZnO  ALD  thin  films  deposited  at  temperatures 
below  200  °C  [30-32]. 

Both  the  modulus  and  hardness  measurements  for  the  alloy 
film  are  more  similar  to  the  pure  AI2O3  ALD  film.  A  more 
intermediate  value  might  have  been  expected  based  on  a  basic 
rule  of  mixtures  type  approximation.  Previous  work  has  seen 
similar  effect  regarding  the  density  of  Al203/Zn0  ALD  alloy 
films,  which  was  attributed  to  partial  etching  of  the  Zn  by  TMA 
during  the  AI2O3  growth  cycle  [5].  This  is  likely  the  case  in 
Al203/Zn0  ALD  alloy  films  here,  and  so  the  rule  of  mixtures 
estimate  would  naturally  under  predict  the  modulus  and  hardness 
values,  since  not  as  much  Zn  is  present.  Some  difference  between 
alloy  and  pure  films  may  also  occur  based  on  the  incomplete 
nucleation  of  one  of  the  films  or  the  packing  geometry  of  the 
constituent  molecules. 

Additionally,  the  hardness  of  the  ALD  films  was  significant; 
being  comparable  to  that  of  glass.  Note  that  the  hardness  of 
glass,  e.g.  10.5  ±0.2  GPa,  is  slightly  less  than  that  of  silicon, 
e.g.  12.9  ±0.3  GPa  [18].  Also  note  that  the  hardness  of  bulk 
a-Al2C>3  may  be  as  high  as  39.2  GPa  [33],  and  that  of  ZnO 
6  GPa  [34] .  High  hardness  is  of  great  benefit,  since  it  enables 
the  applied  ALD  material  to  serve  as  a  wear  resistant  coating  for 


devices  made  from  silicon  [35].  Indeed,  any  of  the  ALD  films 
examined  might  be  expected  to  maintain  the  tribological  lifetime 
of  a  surface  micromachined  component  subject  to  mechanical 
contact.  Typically  smooth  ALD  coatings  may,  however,  in  some 
cases  promote  stiction  because  of  the  inherently  high  contact 
area  associated  with  the  surface  [36].  Lastly,  because  the  ALD 
coatings  are  themselves  oxides  they  should  resist  oxidation  in 
tribological  applications. 

3.3.  ALD-coated  rfMEMS  switches 

Initially,  the  rf  switch  devices  were  analyzed  with  a  white 
light  interferometer,  i.e.  ZYGO  New  View  200  (Zygo  Corpora¬ 
tion,  Middlefield,  CT)  to  determine  any  changes  in  the  bridge 
profile.  These  devices  were  coated  with  ~100nm  thick  ALD 
films  at  100  °C  as  described  in  Section  2.2.  Fig.  6(a)  shows  an 
optical  image  of  a  device  to  illustrate  the  direction  of  the  line 
profiles.  Line  profiles  along  the  length  of  the  bridge  before  and 
after  coating  are  shown  in  Fig.  6(b)  and  (c),  respectively.  The 
line  profiles  show  that  the  ALD  process  reduces  the  magnitude 
of  curvature  (improved  flatness)  across  the  length  of  the  bridge 


(a) 


Fig.  6.  An  optical  image  (top  view)  of  an  ALD  coated  device  is  shown  in  (a)  with 
a  line  indicating  from  where  the  cross-sectional  profiles  were  taken.  A  pre-ALD 
profile  along  the  center  of  the  device  length  is  shown  in  (b)  and  a  post-ALD 
profile  along  the  center  of  the  device  length  is  shown  in  (c). 
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Fig.  7.  An  optical  image  (top  view)  of  an  ALD  coated  device  is  shown  in  (a)  with  a  line  indicating  from  where  the  profiles  were  taken.  Profiles  along  the  width  of 
the  devices  before  ALD  are  shown  in  (b)  and  (d).  Profiles  taken  after  ALD  coating  with  0  and  67%  DEZ  exposures  are  shown  in  (c)  and  (e),  respectively.  Curvature 
values  for  all  of  the  devices  are  summarized  in  Table  4. 


metal.  This  behavior  was  also  observed  for  the  AI2O3/Z11O  ALD 
alloy  coatings.  This  small  amount  of  deformation  was  not  detri¬ 
mental  to  switch  operation,  i.e.  actuation  voltage. 

The  interferometric  profile  measurements  made  along  the 
width  of  the  devices  revealed  a  shape  dependence  on  the  con¬ 
centration  of  Zn  in  the  ALD  films.  Line  profiles  along  the  width 
of  the  devices  both  before  and  after  ALD  coating  are  presented 
in  Fig.  7.  The  tabulated  values  representing  the  curvature  of  the 
bridge,  C,  for  the  uncoated  and  ALD-coated  devices  are  shown  in 
Table  4.  Curvature  of  zero  corresponds  to  ideal/perfect  flatness. 
Curvature  was  found  to  increase  after  ALD  and  with  increasing 
percentage  of  DEZ  exposures.  The  cause  of  this  phenomenon  is 
currently  unknown  but  may  stem  from  stresses  in  the  Al203/Zn0 
films,  the  Au  itself,  or  the  interfaces.  A  previous  study  showed 
that  100  nm  thick  AI2O3  ALD  films  grown  at  177  °C  have 
a  tensile  stress  of  approximately  400  MPa  in  magnitude  [37]. 
Again,  this  deformation  was  not  found  to  interfere  with  device 
operation. 

The  insertion  loss  and  isolation  of  the  ALD-coated  rf  switches 
were  measured  to  evaluate  the  performance  of  the  ALD  dielec¬ 


tric  layer.  The  results  of  the  insertion  loss  measurements  are 
summarized  in  Fig.  8(a).  The  insertion  loss  of  a  rf  switch  refers  to 
the  rf  loss  dissipated  in  the  device  in  its  on  (pass)  state.  Insertion 
losses  for  switches  with  ALD  dielectric  layers  were  typically 
0.35  dB,  with  a  slight  increase  for  the  ALD  A^C^/ZnO  alloy 
at  high  frequencies.  The  isolation  of  a  rf  switch  refers  to  the 
rf  isolation  between  the  input  and  output  in  the  off  (blocking) 
state.  The  results  of  the  isolation  measurements  are  shown  in 
Fig.  8(b).  The  isolation  for  switches  with  ALD  AI2O3  and  ALD 
Al203/Zn0  dielectric  layers  was  very  high,  about  55  dB,  at  fre¬ 
quencies  around  14  GHz,  and  decreased  with  higher  and  lower 
frequencies  to  about  25  dB.  The  high  isolation  around  14  GHz  is 
caused  by  an  electrical  resonance  designed  into  the  switch,  and 
is  not  related  to  the  use  of  the  ALD  dielectric  material. 

Initial  lifetime  (cycling  of  mechanical  actuation)  testing  was 
performed  to  determine  the  effectiveness  of  the  ALD  films  as 
dielectric  layers  on  rf  MEMS  capacitive  switches.  First  and  fore¬ 
most,  it  is  important  to  state  that  all  of  the  switches  were  oper¬ 
able  after  the  ALD  deposition.  The  ALD-coated  devices  were 
mechanically  actuated  until  failure  in  a  nitrogen  atmosphere  at 


Table  4 

The  curvature  of  the  bridge  electrode  on  devices  before  and  after  ALD-coating 


%  of  DEZ  cycles 
Pre-ALD  curvature  (mm-1) 
Post- ALD  curvature  (mm-1) 


0 

1.53  ±0.34 
2.11  ±0.38 


33 

1.50±0.18 
2.15  ±0.20 


50 

1.48  ±0.40 

2.48  ±0.28 


67 

1.48  ±0.24 
2.68  ±0.16 
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Fig.  8.  Insertion  loss  for  shunt  switches  with  AI2O3  ALD  and  A^Os/ZnO  ALD 
dielectric  materials,  shown  in  (a).  Isolation  for  shunt  switches  with  AI2O3  ALD 
and  Al2Q3/ZnO  ALD  dielectric  materials,  shown  in  (b). 


a  drive  frequency  of  2  kHz.  Device  failure  was  defined  as  a  drop 
in  isolation  below  15  dB  or  a  rise  in  insertion  loss  above  1  dB. 
None  of  the  devices  catastrophically  failed  during  testing,  i.e. 
short-circuiting  or  mechanical  stiction.  A  summary  of  the  num¬ 
ber  of  cycles  before  failure  versus  percentage  of  DEZ  exposures 
is  shown  in  Table  5.  Note  that  the  device  coated  with  50%  DEZ 
exposures  lasted  more  than  1  billion  cycles  before  failing.  Simi¬ 
lar  devices  fabricated  at  AFRL  with  silicon  nitride  dielectric  fail 
before  100  million  cycles.  The  results  in  Table  5  suggest  that 
device  lifetime  increases  with  increasing  ZnO  content,  which  is 
to  be  expected  if  the  ZnO  is  slowing  the  charging  phenomenon  or 
facilitating  charge  dissipation.  The  device  containing  67%  DEZ 
exposures,  however,  showed  a  marked  decrease  in  lifetime.  This 
decrease  can  be  attributed  to  the  lower  dielectric  constant  and 
the  high  ZnO  concentration.  The  results  suggest  that  there  is 
an  optimum  amount  of  DEZ  exposures  required  to  produce  the 
most  effective  dielectric  layer. 


Table  5 

Lifetime  (cyclic  actuation)  results  for  devices  coated  with  various  AEC^/ZnO 
ALD  films 


%  DEZ  exposures 

#  Cycles  before  failure  (millions) 

0 

661 

33 

712 

50 

1057 

67 

374 

4.  Conclusions 

This  paper  presents  an  alternative  dielectric  material  for  rf 
MEMS  devices  deposited  using  atomic  layer  deposition  (ALD) 
techniques.  The  ALD  films  are  alloys  composed  of  AI2O3  and 
ZnO  and  are  thought  to  exhibit  charge  dissipative  behavior.  The 
Al203/Zn0  ALD  alloy  films  exhibited  lower  than  expected  Zn 
content  which  is  attributed  to  aluminum  accumulation  at  the  sur¬ 
face  of  the  film  and  etching  of  the  Zn  by  the  trimethylaluminum 
precursor  used  during  AI2O3  ALD.  The  dielectric  coefficients 
of  AI2O3  ALD  films  with  varying  amounts  of  ZnO  were  cal¬ 
culated  and  were  shown  to  be  consistent  with  the  dielectric 
constant  of  pure  AI2O3  ALD  films.  Furthermore,  no  strong  rela¬ 
tionship  was  found  to  exist  between  deposition  temperature  and 
dielectric  constant  or  surface  roughness.  Dielectric  constant  and 
surface  roughness  are  likely  independent  of  examined  compo¬ 
sitions  because  of  the  amorphous  nature  of  the  alloy  films.  The 
Young’s  modulus  and  hardness  of  the  ALD  films  were  deter¬ 
mined  from  nanoindentation  measurements.  The  pure  AI2O3 
ALD  films  were  found  to  have  the  highest  values  of  both  modu¬ 
lus  and  hardness,  and  the  values  were  decreased  with  decreasing 
deposition  temperatures.  The  modulus  and  hardness  for  the  pure 
ZnO  ALD  films  were  the  lowest  and  contained  a  large  amount  of 
data  scatter  due  to  the  poly  crystalline  nature  of  ZnO.  The  alloy 
films  showed  modulus  values  intermediate  to  the  two  pure  ALD 
films  and  hardness  values  similar  to  pure  AI2O3  ALD  films.  The 
alloy  films  are  likely  more  similar  to  the  pure  AI2O3  ALD  films, 
because  of  partial  etching  of  the  Zn  by  TMA,  as  seen  in  past 
studies. 

rf  MEMS  capacitive  switches  coated  with  the  ALD  films 
were  analyzed  and  tested.  The  bridge  profiles  (curvature)  were 
found  to  change  after  the  coating  but  not  enough  to  significantly 
affect  switch  operation.  Processing  yield  for  the  ALD  coating  of 
released  switches  was  100%.  All  of  ALD-coated  switches  exhib¬ 
ited  low  insertion  losses,  ~0.35  dB  and  high  isolation,  ~55  dB 
at  14  GHz.  Cyclic  actuation  of  switches  coated  with  the  alloy 
ALD  films  demonstrated  lifetimes  of  over  a  billion  cycles.  Test¬ 
ing  results  on  device  lifetime  suggest  a  relationship  between  the 
concentration  of  ZnO  and  the  lifetime  of  the  device. 
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